Where urban areas are situated close to a beach, sand dunes act as protection from flooding and erosion. When a dune has been removed or damaged by erosion, dune, ridge or dyke re-building using heavy machinery, a process known as beach scraping, is a common method of restoration. Following construction, natural accretion of sediment on the backshore is preferable as it facilitates sustained natural dune building, growth of vegetation, habitat creation and reduces the need for further beach scraping.
Introduction
Foredunes, the shore-parallel sand dunes immediately landward of the active beach formed by aeolian sedimentation within plants (Hesp, 2002) , are an important landform of sandy coastlines. They provide a myriad of ecosystem services (Nordstrom and Jackson, 2013) such as habitat for flora and fauna, a site of nutrient recycling and accumulation (Olff et al., 1993) , recreational space, a store of sediment for storm and wave erosion, and a barrier against coastal flooding and erosion (Conaway and Wells, 2005) . The foredune's effectiveness as a coastal defence is becoming increasingly valuable to coastal managers and engineers as a more sustainable and cost effective alternative to hard engineering structures, particularly as global climate is predicted to raise sea levels (IPCC, 2012) and possibly increase extreme storm frequency and intensity (Webster et al., 2005) .
As sandy shorelines are highly valued for their economic and social values throughout the world, the encroachment of urban areas on the coast is a global problem (Martínez et al., 2013) . Coastal dunes have been subject to erosion and removal by both natural and anthropogenic processes across the world (Gómez-Pina et al., 2002) . Along urbanised coastlines, naturally occurring dunes have been removed and replaced with ocean front property, urban and industrial infrastructure, and recreational facilities (Martínez et al., 2013) . Sediment transport mechanisms have been disrupted by changes to sediment budgets through the construction of dams (Willis et al., 2003) , harbours, jetties, groynes (Hall and Pilkey, 1991) and sand mining, causing beach widths to recede, dunes to erode and, in some cases, disappear. Dune building and creation on the backshore has also been compromised by beach raking (Nordstrom and Jackson, 2013) , trampling (Hylgaard and Liddle, 1981) and agriculture (Whitehead, 1964) . Measures to protect and/or restore dunes or a protective structure on the backshore have involved erecting sand fencing to trap sediment, beach nourishment, dune or dyke construction, vegetation planting, boardwalk construction and elevating pathways to ease trampling, changes to agricultural policy, re-routing major infrastructure, visitor education, and access limitation (Gómez-Pina et al., 2002) .
Where a dune has been removed or damaged, scraping the uppermost layers of sediment from the beach to rebuild the foredune is a common, immediate form of restoration (Bruun, 1983) , particularly in the United States (Bruun, 1983; Petersen et al., 2000; Conaway and Wells, 2005) and Australia (Cooke et al., 2012) . Small dunes or berms termed 'bankets' are also commonly constructed on the back beach in the Netherlands (Nordstrom and Arens, 1998) . The process of beach scraping to create a backshore structure or dyke is performed by bulldozers or earth moving equipment which scrapes the top layer (typically 0.2 m -0.5 m) of sand from the beach and pushes sediment into a 'dune' or other shape on the backshore or adjacent to a former dune or other landform unit (Nordstrom and Arens, 1998) .
Although there is some guidance on how to build dune and artificial structures in the United States (MacArthur et al., 2005) and Australia (NSW Department of Land and Water Conservation, 2001 ), these guidelines are not specific to dunes or structures created by beach scraping and take no account of aeolian processes once the structure has been made. Structures created by beach scraping are vulnerable to wind erosion as they are not always vegetated following construction. Aeolian transport may lead to the rapid deflation of these structures causing 'nuisance dunes' to form in their lee (Nordstrom and Arens, 1998) . Not only does removal of wind-blown sand from urban areas have a significant cost to private property owners and municipalities (Nichols, 1996) , but the removal of sediment greatly reduces the dunes or structures effectiveness as a sediment store and a barrier to coastal erosion and flooding. This paper investigates near surface wind flow and resulting sediment transport on three scraped ridge and dyke structures commonly constructed along developed shorelines following storm erosion. Wind flow over 3 structures is simulated using a computational fluid dynamic (CFD) model and the sediment flux over each ridge/dyke structure predicted.
Methodology

Scraped Structure Design
The three structures selected were a single symmetrical or triangular-shaped ridge, a double ridge and dyke with a steep seaward riser and flat tread or crest (Figure 1 ). To maximise comparability of ridge/dyke shapes, each structure was a maximum of 3 metres high and had a cross sectional area of 30 m 2 . The angle of the slope on both single and double triangular structures was below the angle of repose for dry sand (34°) at 17° and 31° respectively, whilst slopes of the dyke were at the angle of repose (34°) (Figure 1 ). A slope of 3° was chosen for the beach slope as it represents the upper range of mean beach slopes for intermediate beaches and lies within the mid-range gradient of most beaches (see table 7 .1 in Short, 1999) . 
Dune morphological modelling
To date the majority of dune morphological modelling has been performed using cellular automaton (CA) models (Werner, 1995; Bass, 2002) . Although CA modelling is effective at creating realistic dune forms under a range of conditions such as wind direction (Zhang et al., 2012) and vegetation (Nield and Baas, 2008) , the simple assumptions determining the models outcome cannot yet be used to predict morphological change in reality (Zheng, 2009) . Furthermore the two-dimensional nature of flow modelling conducted in CA modelling does not permit users to adequately investigate lateral patterns of deposition or erosion that may occur.
Due to these limitations a computational fluid dynamic model (CFD) was used to calculate near surface wind speed. CFD has the advantage of being able to model flow in three-dimensions and solve areas of flow separation and reversal as it considers both the conservation of momentum and the conservation of mass. This allows the investigation of wind flow patterns and resulting shear stress over complex dune topographies for a range of wind directions. It has also been validated over a range of complex dune morphologies (Wakes et al., 2010; Jackson et al., 2011; Smyth et al., 2013; Hesp et al., in press ). As the CFD modelling technique employed only simulated the wind flow and did not provide any morphological feedback, potential sediment transport on the structures was calculated using shear velocity by the model of Lettau and Lettau (1977) and corrected for slope according to Bagnold (1973) .
Computational Fluid Dynamics (CFD) model
The air flow dynamics over each structure was simulated using the computational fluid dynamics (CFD) software OpenFOAM. CFD uses numerical algorithms which integrate the governing equations of fluid flow over a domain by converting the integral equations to algebraic equations, before solving them iteratively (Versteeg and Malalasekera, 2006) . In this study, flow was calculated using Reynolds-Averaged Navier-Stokes (RANS) equations which produce an average of flow motion over time. OpenFOAM's large time-step transient solver for incompressible flow, PIMPLE, was used to solve the flow, and turbulence was modelled using the two-equation Re-Normalised Group (RNG) k-ε turbulence model. This turbulence model was chosen due to its good performance compared to measured data over complex dune topography (Pattanapol et al., 2007; Wakes et al., 2010; Smyth et al., 2012; . Simulations were run in parallel across 40 cores on the Flinders University high performance computer 'Colossus'.
Computational domain
The mesh for each case was created using OpenFOAM's meshing utility blockMesh. A slope of 3° preceded each dune shape for 50 m upwind and each dune profile was replicated as per figure 1 and extended uniformly breadthways for 160 m to account for any transverse flow which may occur particularly in lee of a dune Walker and Shugar, 2013) . In total, each computational domain measured 100 m x 160 m x 40 m. The 40 m vertical extent of the domain was prescribed to ensure the top of the computational domain was at least 5 times greater than the height of the dune (Franke et al., 2007) . The three computational domains comprised of approximately 2.5 million hexahedra cells which gradually decreased in cell size from the top of the computational wall to the surface.
Computational Boundary Conditions
Incident flow from directly onshore (0°) to highly oblique onshore (67.5°), was simulated at 22.5° increments. Wind speed at the inlet boundary was defined as logarithmic using Richards and Hoxey (1993) profile equations for κ-ε turbulence models (Equation 1).
Where U (z) is the wind speed at height z, u* is shear velocity, k is the Von Karman constant (0.4187) and z0 is the surface roughness length. Turbulence kinetic energy (k) and energy dissipation (ε) were also simulated at the inlet boundary using conditions prescribed by Richards and Hoxey (1993) equations 2 and 3.
where Cu is a constant of the k-ε model and equals 0.09. For all simulations and parameters, * was equivalent to 0.44 m s -1 , producing a wind speed of 8.00 m s -1 at 1 m above the surface at the inlet.
The surface of the beach and ridge/dyke was given a uniform roughness length (z0) of 0.0005 m based upon a surface comprised sand grains (Bagnold, 1960) . Symmetry boundary conditions were used at the lateral boundaries when incident flow was perpendicular to the beach scraped structures and a zero gradient patch type was implemented at the upper boundary to sustain an equilibrium boundary layer.
Predicted sediment transport
Sediment transport was modelled using a transport equation by Lettau and Lettau (1977) where:
is sediment flux in kg m -1 s -1 ,C is a constant of 4.2, is grain size in mm, is the reference grain diameter, 0.25 mm, ρ is air density in kg m -3 (1.2466 kg m -3 ), is gravity in m s -2 , * is shear velocity in m s -1 and * is threshold shear velocity in m s -1 (in this case 0.23 m s -1 (which was just above observed transport threshold in Sherman et al., 1998) ). Shear velocity ( * ) was calculated by: * = √ ( ) (Equation 5) where τ is shear stress (m 2 s 2 ) calculated at the surface of the CFD model. This is distinctly different to the traditional technique of deriving shear stress from a regression of the vertical wind profile which limits the accuracy range up to +-20% on beaches (Sherman et al., 1998) and is only applicable where the vertical velocity profile is logarithmic. Sediment transport was also corrected for the effect of surface slope, relative to the incident wind direction (Bagnold, 1973) . Where slope adjusted transport (q') is calculated by Gq where G is:
α is the angle of internal friction of the sediments (34°) and θ is the surface slope. Sediment grain size in each simulation case was classed as fine/medium with a diameter of 0.25 mm. Predicted sediment transport values are however only an estimate for coastal-aeolian environments (Sherman et al., 1998) and sediment transport in natural environments is chaotic and rarely, if ever, constant (Davidson-Arnott and Bauer, 2009). Furthermore many large wind events are also associated with rainfall which greatly limits actual sediment transport rates. -1 ) across the dyke ridge structure for four incident wind direction scenarios. Distance is relative to the westerly (left side) inlet boundary. (b) Two-dimensional slices (100m x 40m) of wind speed over the dyke structure for the four incident wind direction scenarios. Deep blue indicates low wind velocity while red indicates high velocity. The velocity of wind flow at the crest of the structure decreases with increasing obliquity whilst wind velocity in lee of the structure increases.
Results
Shear velocity and wind flow dynamics
Shear velocity at the surface of each beach scraped structure is presented as a two dimensional transect and wind velocity as a two dimensional slice, 140 m north of the southern boundary in the computational domain (Figures 2-4) . This location was selected to ensure the boundary layer had sufficiently developed. Figures 2-4 demonstrate that both shear velocity and wind speed on the beach upwind of the structure is uniform for each case and decreases incrementally with increasing angle of incident wind. As wind flow approaches the foot of the upwind slope, shear velocity and wind speed for all directions and structures is reduced, similar to data collected by Wiggs et al. (1996) in a wind tunnel. This reduction becomes smaller as incident wind direction becomes increasingly parallel to the crest. Shear velocity at the foot of the upwind slope is reduced the most by the dyke to a minimum of 0.18 m s -1 compared to 0.25 m s -1 and 0.30 m s -1 for the double and single ridge structures respectively. During 67.5° incident winds, flow at the toe of each structure increases to 0.31 m s -1 for both dyke and double ridge structures and 0.36 m s -1 for the single ridge.
On the stoss slope of each ridge/dyke scenario, shear velocity and wind speed increases with height before reaching a maximum at the crest of the structure. In the lee of the ridge crests, each structure exhibited a different pattern of shear velocity and wind speed (Figures 2-4) . Shear velocity in lee of the single ridge shape decreased abruptly, immediately downwind of the crest reaching a minimum of 0.06 m s -1 at the bottom of the lee slope (Figure 2a ), before increasing within the separation envelope (Figure 2b ) in lee of the ridge. As incident wind flow increased, the zone of flow separation diminishes (Figure 2b ) and at 67.5°, little flow separation or flow retardation is appreciable (Figure 2b) . A similar progression also occurred for the double ridge and dyke structures.
Shear velocity calculated in lee of the stoss slope of the double ridge exhibited the most complex pattern (Figure 3a) . In resemblance to the single ridge, shear velocity rapidly decreased in the lee of the first crest for 0°winds however, this reduction became much less pronounced as wind direction relative to the crest increased. Wind speed also quickly recovered on the stoss slope of second crest, with the exception the 22.5° incident wind flow, during which wind speed remained low. At the crest of the secondary ridge, shear velocity is lower than that at the primary crest by 35% for 0° winds, 65% for 22.5° winds and 28% for 45° winds. Conversely shear velocity at the secondary crest for 67.5° winds increased by 2%.
Shear velocity across the top (or tread) of the dyke did not experience an abrupt decrease in shear velocity as observed in the single and double ridge examples (Figure 4a ). Shear velocity on the flat top of the dyke, only decreased by a maximum of 28% compared to shear velocity at the break of slope between the stoss slope and tread. In similarity to the ridge examples, a distinct zone of wind flow separation and recirculation was created in lee of the structure (Figure 4b ). Wind speed declined in lee of the structure to a minimum of 0.07 m s -1 for 0° winds and a minimum of 0.26 m s -1 for 67.5° winds. This increase in leeside wind speed with increasing incident wind direction obliquity, is exemplified in figure 4b.
Sediment transport
Figure 5. Slope adjusted sediment transport for the single ridge (a), double ridge (b) and dyke (c). Note in all cases sediment transport is greatest at the crest of the stoss slope for directly onshore winds (0°) but that sediment transport is greatest in the lee for 67.5° winds.
Sediment transport on each ridge/dyke shape was calculated over a two dimensional transect using an aeolian sand transport model developed by Lettau and Lettau (1977) , hereby referred to as transport rate. In each case the transport rate on the beach was greatest for 0° winds and lowest for 67.5° winds. Transport rate was greatest at the crest for each wind direction and structure examined ( Figure 5 ). The crest of the single ridge experienced the highest transport rate, followed by the dyke and double ridge. For all structures the transport rate on the beach, stoss slope and crest (including the top of the dyke structure) decreased with increasing incident wind direction obliquity. In the lee of each structure however, the opposite is true. Here the transport rate became greater with increasing obliquity, with the transport rate in lee of the structure being approximately equal to that on the upwind beach surface, for each structure during 67.5° incident winds. Within the separation zone, created in the lee of each structure during 0°-45° incident winds (Figures 2-4) , some sediment transport does occur ( Figure 5 ). Sediment transport occurring within this zone during 0° -45° winds is likely to be transported laterally or opposite to the incident wind direction as wind flow becomes deflected alongshore or separated, moving in the opposite bearing to that of the incident wind Walker and Shugar, 2013) .
Discussion
The shape of dunes, ridges, berms and dykes created by beach scraping have to date been designed ad-hoc or at best using guidelines that take little consideration of aeolian sand transport or of natural foredune shapes and profiles (MacArthur et al., 2005; NSW Department of Land and Water Conservation, 2001) . Although this study demonstrates wind flow patterns and shear velocity over three common scraped ridge/dyke forms during one incident wind speed, evidence from ultrasonic anemometry studies and CFD simulations over complex coastal dunes indicate that the patterns of flow steering, reversal and relative wind speed remain constant from fresh breeze to hurricane force winds (Hesp et al., 2005; Smyth et al., 2013) , increasing the applicability of this study to a wide range of conditions.
The sediment transport rate at the crest of the single ridge was the greatest calculated in the study. Critically, high rates of sediment transport at the top of the stoss slope may allow sediment to be ejected beyond the crest, causing the formation of nuisance dunes in lee of the structure beyond the beach/dune expanse. The single ridges relatively low stoss slope angle (17°), also creates the smallest zone of wind speed and shear velocity retardation at the toe of the structure, minimising sediment deposition on the back beach and maintaining sediment transport from the beach to the stoss slope.
Overall, the greatest sediment transport rate was calculated over the topography of the dyke structure ( Figure 5c ). This structure appears to lack the resilience required to provide lasting protection from flooding and coastal inundation as the relatively wide flat top (tread) of the structure is exposed to topographically accelerated wind flow (Figure 4b ), increasing the potential for sediment deflation, structure degradation and the formation of 'nuisance dunes' in lee of the structure. In addition, due to the steep slope of the dyke and the resulting reduction in shear velocity at the toe of the structure, sediment may accumulate at the toe of the dune where wind speed is insufficient to maintain transport. This accumulation upwind of the structure, will form a ramp that without regular sediment removal and maintenance will create a stoss slope comparable to the single dune (Christiansen and Davidson-Arnott, 1994) , providing an aerodynamic ramp for further downwind sediment transport (Hesp et al., 2009 ).
The double ridge design exhibits the lowest values of sediment transport, both at the crest of the structure and over the length of the transect ( Figure 5 ). This is due to the steep stoss slope and expansive zone of flow separation created between the ridges and downwind of the structure (Figure 3b ). This large zone of flow separation permits sediment transported from the beach and stoss slope to be deposited immediately in lee of the stoss slope. This process the may be capable of aiding the dune building process (Lynch et al., 2009 ). The double structures topographic heterogeneity is also advantageous for the development of a more diverse flora and fauna if vegetation is allowed or encouraged to grow or is planted (Acosta et al., 2009 ).
It should be noted that this study only represents wind flow and predicted sediment transport over the initial ridge and dyke structures. These shapes are susceptible to change with erosion and deposition of aeolian sediment, evolving into different morphologies over time. In the field all three structures are also vulnerable to wave attack during a storm event.
Link to Coastal Management Strategies
As aeolian geomorphologists the authors would always prefer to see a naturally functioning dune built on the backshore rather than an engineered ridge structure which barely replicates a natural dune shape. None of the shapes modelled replicate a natural foredune, least of all the dyke structure, and the dyke should never be referred to as a 'dune'. There are few, if any natural unmanaged foredunes in the world that resemble a banket, berm or dyke (Hesp and Walker, 2013) . However, it is a common quick fix to build such structures particularly where infrastructure and communities are at risk following storms.
Of the three shapes examined, and as a rough guideline for management, the double ridge structure is the 'best' option of the three. While significant transport can occur on the foremost ridge, and the dune crest will lower over time if the ridge is not planted with vegetation, most of the sediment will be deposited in the inter-dune ridge swale. The double ridge structure has a significant lee flow separation or wake zone providing greater protection from the wind, and the least chance for nuisance (or leeward) dunes to develop downwind. Vegetation plantings would be better protected on the landward ridge in the initial stages of growth, and pioneer species would respond positively to the sedimentation taking place in the swale. A more diverse vegetation community would also be more likely to develop in the topographically more complex environment afforded by the two-ridge structure.
Conclusion
The findings of this study demonstrate that for each beach scraped structure examined, wind flow perpendicular to the crest of the structure undergoes the most wind flow acceleration and sediment transport. Winds oblique to the crest create a less steep relative slope (equation 6), but also less topographic acceleration resulting in a decrease in sediment transport. In lee of the structure however sediment transport becomes greater with increased obliquity as the extent of the separation zone decreases.
Based on the modelling conducted, this study recommends the construction of double ridges at sites where beach scraping is implemented, and beach width allows. Naturally, less morphological change will occur on all structures if they are planted immediately following construction.
